A series of Nb 40 Ti 30þx Ni 30Àx alloys are characterized in terms of microstructure, crystal structure, ductility, susceptibility to hydrogen embrittlement, and hydrogen permeability as non-palladium-based hydrogen permeation alloys. The maximum hydrogen permeability and ductility of the alloy is exhibited by the alloy with composition of x ¼ 2 (Nb 40 Ti 32 Ni 28 ). The enhancement of hydrogen permeability correlates well with an increase in the volume fraction of the primary (Nb, Ti) phase. After cold rolling and annealing, the hydrogen permeability of the Nb 40 Ti 34 Ni 26 (x ¼ 4) alloy becomes superior to that of the Nb 40 Ti 30 Ni 30 (x ¼ 0) composition previously reported to be the best in the Nb 40 Ti 30þx Ni 30Àx series. The present results indicate that the hydrogen permeability of the Nb-TiNi alloy can be optimized by annealing and appropriately adjusting the Ti/Ni ratio for a given niobium content.
Introduction
Palladium-silver-based hydrogen permeation alloys are utilized in industry for the purification of hydrogen gas. Due to the high cost and rarity of palladium, however, there remains strong demand for the development of nonpalladium-based hydrogen permeation alloys. 1, 2) The primary obstacle preventing the successful development of a nonpalladium-based alloy for the purification of hydrogen gas is the problem of hydrogen embrittlement of the membrane. Metals and alloys exhibiting high hydrogen permeability, such as Nb, V, and Ta, 3) are generally prone to severe hydrogen embrittlement, and no metallurgical process reducing this susceptibility to embrittlement has yet been developed. The hydrogen flux (J) permeating through the membrane per sectional area is related to the hydrogen permeability (È) by
where D, K, and L are the hydrogen diffusion coefficient, the hydrogen solubility coefficient, and the thickness of the membrane, and P u and P d are the hydrogen pressures on the upstream and downstream sides of the membrane. The hydrogen permeability is thus the product of D and K. This equation shows that large J can be attained by choosing metals with high È and by minimizing the thickness of the membrane, which requires that the metal be highly ductile.
Recently, the present authors demonstrated that Nb-TiNi, 4, 5) Nb-TiCo, 6) and V-TiNi 7) alloys, exhibit both high hydrogen permeability and excellent resistance to hydrogen embrittlement. The Nb-TiNi alloy was found to consist of a primary bcc-(Nb, Ti) phase and the eutectic fbcc-(Nb, Ti) þ B2 À TiNig phase. 4, 5) It has been reported that the hydrogen permeability of Nb-TiNi alloys with composition on the line connecting the eutectic and the primary compositions increases with volume fraction of the primary (Nb, Ti) phase accompanied by an increase in susceptibility to hydrogen embrittlement. 8) Hydrogen permeation thus appears to be determined mainly by the primary phase, while the suppression of hydrogen embrittlement is mainly controlled by the eutectic phase. Furthermore, as the hydrogen permeability of titanium is high while that of nickel is low, the hydrogen permeability of Nb-TiNi is likely also to be dependent on the Ti/Ni ratio.
In the present study, the effect of the Ti/Ni ratio on the microstructure, crystal structure, ductility, susceptibility to hydrogen embrittlement, and hydrogen permeability of a series of Nb 40 Ti 30þx Ni 30Àx alloys are investigated in detail. The effect of rolling and annealing is also examined.
Experimental
The Nb 40 Ti 30þx Ni 30Àx alloys were prepared by arc melting under a purified argon atmosphere using high-purity niobium (99.9 mass%), titanium (99.5 mass%), and nickel (99.9 mass%). The alloy compositions are expressed here in terms of the nominal mole% content.
A rectangular prism measuring 7 mm Â 2:65 mm Â 2:65 mm was also prepared as a sample for rolling tests by cutting a suitable block from the alloy ingots using a spark erosion wire-cutting machine. Rolling tests, conducted to evaluate the ultimate thinness achievable for these alloys, was performed at room temperature. The rolling reduction rate (r) is expressed by
where t 0 and t are the thicknesses of the original and rolled samples. The ultimate rolling reduction rate (r u ) is defined as the reduction rate at the time a crack is first observed visually on the surface of the sample. Disk samples of 12 mm in diameter and 0.7 mm in thickness for hydrogen permeation tests were cut from the alloy ingots by the same method. Samples for annealing were placed in quartz capsules and evacuated, then annealed under various conditions and finally quenched in water.
Microstructural observations and chemical analyses of the alloys were carried out by scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS). Phase identification was performed by X-ray diffraction (XRD) analysis.
Hydrogen permeation tests were performed using samples sputtered with a thin layer of palladium to avoid oxidation and to enhance hydrogen dissociation and recombination. The disk samples were polished on both surfaces with abrasive paper and then buffed. The tests were conducted by introducing hydrogen gas (99.99999 vol%) at 0.2 MPa on the upstream side of the alloy membrane, and at 0.1 MPa on the downstream side. The test was allowed to proceed for 1.2 ks, with total permeation measured using a mass-flow meter. 4) 3. Results and Discussion 3.1 Nb 40 Ti 30þx Ni 30Àx alloys Figure 1 plots the hydrogen permeability at various temperatures against chemical composition of the as-cast Nb 40 Ti 30þx Ni 30Àx alloys. These results clearly show a peak in hydrogen permeability at x ¼ 2 at all permeation temperatures, corresponding to the Nb 40 Ti 32 Ni 28 composition with Ti/Ni ratio of 1.14. Alloys with composition of less than x ¼ À4 did not allow hydrogen permeation, while alloys with x ¼ 8 or higher broke down during hydrogen permeation testing at temperatures less than 573 K due to hydrogen embrittlement. Figure 2 shows XRD patterns of the as-cast Nb 40 Ti 30þx Ni 30Àx alloys with compositions of x ¼ À2, 0, 4, and 8. The Bragg peaks for the x ¼ 0 and x ¼ 4 alloys identify the bcc-(Nb, Ti) and B2-TiNi phases. The additional Bragg peaks of the brittle NbNi phase are apparent for the x ¼ À2 alloy, while those of the brittle Ti 2 Ni phase are present for the x ¼ 8 alloy. Figure 3 shows SEM images of the as-cast and annealed (1373 K, 168 h) alloys with compositions of x ¼ À2, 0, 4, and 8. The as-cast x ¼ 0 alloy consists of the primary (Nb, Ti) (white) and eutectic {(Nb, Ti) + TiNi} (dark) phases, the latter of which displays a fine lamellar microstructure consistent with previous reports. 5, 8) Annealing of this sample erases this fine lamellar microstructure, producing a duplex phase in which small (Nb, Ti) particles are embedded in TiNi, or fine TiNi particles (black) precipitate in the (Nb, Ti) phase. The as-cast x ¼ 4 alloy consists of the primary and eutectic phases, where TiNi in the eutectic region has a tendency to segregate to the colony boundaries. Annealing changes the eutectic phase into the TiNi and (Nb, Ti) phases, with the latter combining with the original primary phase to form large regions of (Nb, Ti). The as-cast x ¼ 8 alloy additionally contains the Ti 2 Ni phase (black), and the eutectic phase is transformed into the TiNi and (Nb, Ti) phases upon annealing, with the phases coalescing into larger domains. The as-cast x ¼ À2 alloy, on the other hand, exhibits an NbNi phase in addition to the primary and eutectic phases. Annealing of this sample also transforms the eutectic phase into the TiNi and (Nb, Ti) phases. Figure 4 shows an Arrhenius plot of the hydrogen permeability of the annealed (1373 K, 168 h) Nb-TiNi alloys with compositions of x ¼ 0, 4, and 8. The hydrogen permeability of these alloys increases with titanium content, although the x ¼ 8 sample broke down during hydrogen permeation at temperatures below 573 K due to hydrogen embrittlement. Figure 5 compares the hydrogen permeability (at 673 K) of the as-cast alloys with that after annealing at 1373 K for 168 h. Whereas the hydrogen permeability of the as-cast alloys peaks at the x ¼ 2 composition, that for the annealed Effect of Ti/Ni Ratio and Annealing on Microstructure and Hydrogen Permeability of Nb-TiNi Alloyalloys continues to increase with x, and the hydrogen permeability is in all cases higher than for the corresponding as-cast samples. The enhancement of hydrogen permeability by annealing is considered to be attributable to the increase in the volume fraction of the primary (Nb, Ti) phase.
The chemical compositions of the (Nb, Ti) and TiNi phases in Nb-TiNi alloys with compositions of x ¼ 0, 4, and 8 after annealing at 1373 K for 168 h are shown in Fig. 6 and are listed in Table 1 . Figure 7 plots the volume fraction of the (Nb, Ti) phase in the annealed alloys against the Ti/Ni ratio and composition (x). The volume fraction of the (Nb, Ti) phase in these samples is calculated by means of the lever rule and by direct SEM experimental observation, and the volume fractions determined by the two methods are coincident within experimental error. The figure shows that the volume fraction of the (Nb, Ti) phase increases with the Ti/Ni ratio. Figure 8 shows the relationship between the hydrogen permeability at 673 K and the volume fraction of the (Nb, Ti) phase in the annealed alloys. The hydrogen permeability increases with volume fraction of (Nb, Ti), confirming that the enhancement of hydrogen permeability with increasing titanium composition (x) is due to the increase in the volume fraction of the (Nb, Ti) phase.
The ultimate rolling reduction rate for the as-cast alloys is shown in Fig. 9 . The maximum reduction rate for the as-cast alloys, 82%, was achieved for the x ¼ 2 composition, and the alloys for x ¼ 0; 2; 4 exhibited ultimate reduction rates of higher than 70%.
The Nb 40 Ti 34 Ni 26 alloy
Overall, the Nb 40 Ti 34 Ni 26 alloy (x ¼ 4) exhibits the best combination of high hydrogen permeability and large ductility among the compositions tested. This alloy was thus further investigated by examining the effect of cold rolling and annealing on the microstructure, susceptibility to hydrogen embrittlement, and hydrogen permeability. Figure 10 shows XRD patterns for the as-cast, 98%-rolled, and rolled and annealed (1373 K for 24 or 168 h) Nb 40 Ti 34 Ni 26 alloy. The as-cast and 98%-rolled samples exhibit the Bragg peaks of B2-TiNi and bcc-(Nb,Ti). The rolled and annealed samples also display the Bragg peaks for Ti 2 Ni, and the intensity of the peak increases with annealing time. These XRD patterns suggest that alloys with appreciable Ti 2 Ni content are more susceptible to hydrogen embrittlement. Figure 11 shows SEM images of the 98%-rolled Nb 40 Ti 34 Ni 26 alloy and the rolled and annealed alloys. The rolled sample displays fine, indistinct and wavy microstructures oriented parallel to the rolling direction, while the rolled and annealed samples display (Nb, Ti) (white) and TiNi (black) phases elongated in the rolling direction. The size of these phases and the continuity of each phase are enhanced with annealing time. The hydrogen permeation direction in these alloys is aligned perpendicular to the elongated (Nb, Ti) phase. This plot shows that the hydrogen permeability increases with annealing time. Figure 13 plots sample. The present work thus indicates that the hydrogen permeability of the Nb-TiNi alloy is strongly dependent on the Ti/Ni ratio, suggesting that the hydrogen permeability of Nb-TiCo and V-TiNi alloys may also be dependent on the Ti/M (M = Co, Ni) ratio.
Summary and Conclusion
The effects of alloy composition (Ti/Ni ratio), annealing, and rolling on the microstructure, crystal structure, ductility, susceptibility to hydrogen embrittlement, and hydrogen permeability of Nb 40 Ti 30þx Ni 30Àx alloys were investigated in detail. The as-cast alloys with composition of x ¼ 0 to 4 were found to be more ductile and to have higher hydrogen permeability. The volume fraction of the primary (Nb, Ti) phase in the annealed Nb 40 Ti 30þx Ni 30Àx alloys was found to increase with titanium content (x), accompanied by an increase in hydrogen permeability. The formation of the brittle NbNi and Ti 2 Ni phases in alloys with x ¼ À2 and x > 8, respectively, resulted in reduced ductility and hydrogen permeability. 
